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Abstract

The NHj dissociation performance of four commercially available catalysts, consisting of
different Ni and Ru compositions, was tested. Therefore, ammonia was taken from a gas bottle
and was alternately mixed with steam or was taken as pure NHj3 gas, before it was sent through
an electrically heated reformer. The reformer was developed and manufactured by the company
AVL. Based on the residual NH3 concentration after the reformer and the temperature at the
end of the reformer the different catalysts were compared to each other. The tests showed that
Ni based catalysts had a better performance than Ru based catalysts in terms of NHj3
dissociation under both moist and dry conditions. The desorption of the nitrogen atom from
the catalyst surface was determined to be the reaction rate-limiting step. Furthermore, it was
found that during moist measurements NO was built after the ammonia concentration fell

below (0,8 + 0,2) vol-% NHs.
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Abbreviations

Table 1: Table of Abbreviation

Chemical Directory

Al Aluminium
Ca Calcium
CH4 Methane
CO Carbon monoxide
CO2 Carbon dioxide
€ Electron
Ht Proton
H» Hydrogen
H20 Water
Li Lithium
No Nitrogen
NH;3 Ammonia
Ni Nickle
NO Nitrogen oxide
NO2 Nitrogen dioxide
NOx Nitrogen oxides in general
O2 Oxygen
Ru Ruthenium

Symbol Directory

bara Absolute pressure
barg Over pressure
Cp Heat capacity
d Gradient
AE* Change of activation energy
AE* Change of adsorption energy
G /AG Gibbs energy or free enthalpy / change of Gibbs energy
H / AH Enthalpy / change of enthalpy
AHY Standard enthalpy of reaction
1 Inaccuracies of the FTIR
K Equilibrium constant
AKgji Reading accuracy of the gilibrator

[bar|
[bar|
[J/keK]
[l

[kJ /mol]
[kJ /mol]
[kJ /mol]
[kJ /mol]
[kJ /mol]
]

]

d
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Keini Calibration constant of the gilibrator
m Mass flow
mol 6,022*10% particles
Am,, Reading accuracy of the pump
n Amount of mol
Q Reaction quotient
Qo1 Electrical energy/heat flow
R Ideal gas constant
r Reaction rate
S / AS Entropy / change of entropy
T Temperature
Unrc Measured value of the MFC
AUyrc Output accuracy of the MFC
v Volume flow
X Mol fraction
X Set point
AX FTIR Error vector of the FTIR
AXnu3,ary Error of the corrected dry ammonia concentration

General Abbreviations

AVL Anstalt fiir Verbrennungskraftmaschinen List
CAT 1 Catalyst 1
CAT 2 Catalyst 2
CAT 3 Catalyst 3
CAT 4 Catalyst 4
Cv Control Volume
DoE Design of Experiment
FTIR Fourier Transformation Infrared Spectrometer
GHSV Gas Hourly Space Velocity
IR Infrared
MFC Mass Flow Controller
SCR Selective Catalytic Reduction
SNCR Selective Non-Catalytic Reduction
SV Space Velocity
TOF Turn Over Frequency

[N1/hV]
kg /|

-l

d

[mol]

-l

[W/h]
[J/molK]
[kmol/m?® s]
[kJ/molK]|
(K]

[V]

7]

[m?*/h]

[l

[l

7]

]
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1 Introduction
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University of

Technalogy

Even though the first version of a fuel cell (FC) was already discovered by Christian Friedrich
Schonbein in 1838 and further improved by Sir William Grove in the same year [1], it has not
reached general importance in our daily life yet. Due to cheaply available fossil fuels this
technology always fell behind. Now that global warming and sustainable energy sources are
being widely discussed a slow but steady rethinking towards alternatives is taking place. The
fuel cell represents one of these alternative technologies. By just considering the electrochemical
reaction of hydrogen and oxygen to water, the energy production with fuel cells would be

completely CO2 emission free.

The announcement that Japan is planning to power their entire Olympia town in 2020 with
fuel cells in combination with their plan to provide 100 busses run by fuel cells is just one
example of the new momentum this technology is gaining [2|. Another example is the already
existing fuel cell car Mirai from the Japanese company Toyota, or the h-tron quattro from the
German company Audi, who are also planning to louche serial production. Beside the mobile
sector, fuel cells are more and more reaching out to replace the current electricity production
in residential areas (ENE-FARM program in Japan) or being installed as energy back-up-
systems for big servers. For this stationary purpose especially high temperature fuel cells, called
Solid Oxide Fuel Cells (SOFC), are used. Due to their high operation temperature, around 900
°C, this FC type has the benefit that a combination of heat and power production is possible.
That way an overall efficiency of 95 % and an electrical efficiency of 60 % can be achieved [3].
This is the reason why further investigations on different types of stationary FC systems are

of big interest for the industry.

The biggest challenge regarding this technology is still the storage of hydrogen that is currently
used as fuel. By looking for alternatives ammonia has outstanding benefits. It is easier to handle
than hydrogen, better in terms of its volumetric energy density and since ammonia is already
being used as refrigerant and as basic material for the global fertilizer production, it is one of
the most produced substances. This makes an investigation of a FC system entirely run by

ammonia as a hydrogen carrier and therefore as fuel, extremely interesting.

Jan Felix Schmidt 1
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2 Problem Definition and Target
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University of

Technology

Currently the biggest challenge for fuel cell application is the storage of hydrogen. It is the
smallest element and therefore able to diffuse through nearly all materials, what can cause a
continuous hydrogen loss [4]. The two common ways to store hydrogen are either at -252 °C as
a liquid in insulated and cooled tanks or compressed to 700 bar as a gas in pressure tanks,
what is the preferred solution of the automotive industry. Both solutions are energy intense

and not easy to handle in an everyday situation.

Much easier is the storage of ammonia. In its liquid form ammonia is either stored in
atmospheric tanks at a temperature of -33 °C or in pressurised tanks at a pressure of 8 bara.
Another benefit of ammonia as a hydrogen carrier is that in its liquid state it is able to store
1,7 times more hydrogen, than liquid hydrogen does itself [5]. A variety of studies that
compared ammonia with hydrogen came to the result that beside the toxicity of ammonia it is
better suited as a fuel for fuel cells than pure hydrogen [4], [6] - [7]. And even the toxicity can

be reduced to a level lower than the one of gasoline by storing ammonia in metal amines [4].

Furthermore, studies that are investigating if ammonia can be used as fuel in SOFC systems,
also came to positive results [8] - [9]. To reduce the thermal stress, the anode of the SOFC is
confronted with by the endothermically dissociation of ammonia, a pre-reformer was designed.
With the test results of the reformer the best relation of NHs-dissociation inside the reformer

to NHs-dissociation directly on the anode of the fuel cell can be determined.

The task of this master thesis was to find commercially available catalyst materials for the
ammonia dissociation and to compare them against each other in a suitable test facility. The
temperature and the space velocity that are needed to reach full dissociation of ammonia and

the influence of steam are the main parameters that were investigated.

Jan Felix Schmidt 2
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3 Fundamentals
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University of
Technology

In this chapter the theoretical background to understand the discussion in Chapter 6 is
presented. Furthermore, just the fundamentals that are directly linked to this master thesis or
those, that were necessary to explain certain findings are covered within this section. In
Chapter 6 references are linking the findings with the necessary background information of this

chapter.

Content that is covered in this chapter are, the general properties of ammonia, Le Chéatelier’s
Principle, the synthesis of ammonia with a general explanation of the Haber-Bosch process and
a more detailed explanation of its catalytic mechanism. Then heterogenous catalysis and its
kinetic mechanism are shown to gain a general overview of the reaction that is happening inside
the reformer. The next subchapter is dealing with the theoretical background of the Gibbs
energy and the reason why the theoretically estimated equilibrium composition is not that easy
to reach under real conditions. Then selective catalytic and none-catalytic reduction is
explained, what is becoming important later with regard to NOy emissions. And finally, because
the measurement of ammonia in gas phase was way harder than initially expected a general
overview of the FTIR’s working principle is given. This Information is necessary to understand

the cross-sensitivity and therefore the measuring error that is discussed in Chapter 6.

The Haber-Bosch process was not part of the master thesis, but due to its importance a variety
of investigations have been carried out to understand its catalytic reaction steps in detail. This
knowledge was used in revers order for this thesis, since detailed studies on the catalytic
reaction steps of the ammonia dissociation have not been of big importance yet, and therefore

detailed studies are hard to find.

Jan Felix Schmidt 3
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3.1. Properties of Ammonia

In Table 2 the physical and chemical properties as well as the hazards of ammonia are listed.
The data are based on the safety data sheet of the company Air Liquide, who was also the

supplier for the ammonia used in this master thesis.

Table 2: Chemical and Physical Properties of Ammonia [10].

NHs - Ammonia

Physical and Chemical Properties

physical state at 20°C / 1bar © gas

colour . colourless

molar mass s 17 |g/mol|
melting point LT [°C]
boiling point ;=33 [°C]
critical temperature ¢ 132 [°C]
flammability range ;15,4 to 33,6 [vol% in air|
vapour pressure at 20 °C : 8,6 [bara]
relative density, gas (air = 1) : 0,6

relative density, liquid (water = 1) 0,7

solubility in water : 517000 [mg/1]
auto-ignition temperature ;630 [°C]
Hazards

health hazards - toxic if inhaled

- causes severe skin burns and eye damage

- corrosive to respiratory tract

physical hazards - flammable gas
- gases under pressure - liquified gas may
explode if heated

environmental hazards - very hazardous to the aquatic environment
with long lasting effects
Pictograms
ﬁ”
GHS06 GHS05 GHS04 GHS09

Jan Felix Schmidt 4
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3.2. Le Chételier’s Principle

Henry-Lous Le Chételier (1850-1936), a French physicist formed a law, called the “Le
Chatelier’s Prinziple”, that explains how a chemical system at equilibrium reacts under the
influences of constraints. This law helps to predict which conditions are beneficial for a certain
outcome of a reaction, by shifting its equilibrium either to the product, or the educt side. This

principle can be expressed as following:

“When any system at equilibrium is subject to change in concentration, temperature,
volume, or pressure, then the system readjusts itself to counteract (partially) the

effect of the applied change and a new equilibrium is established.” |22]

Put simply, there are three ways to influence the chemical equilibrium: (1) By adding or

removing an educt or product (2) changing the pressure or (3) changing the temperature.

k
N, + 3H, = 2NH; Al = —92,5—] (3.1)
mol

Concentration Changes

A chemical equilibrium is a dynamic state of forth-and-back reactions between products and
educts. When one component gets withdrawn the system, due to energy minimisation, is
compensating the loss by reproducing the withdrawn component. The opposite happens when
there is an abundance of one component. In the specific situation of the ammonia synthesis
(formula 3.1), that would mean that a constant withdrawal of NH3 would force the left side to
form more NHs to re-establish the equilibrium. This method is successfully used in the Haber-

Bosch-Process (see Chapter 3.3.1).

In the reactor of this master thesis the reverse process of the Haber-Bosch-Process was realised.

With an excess of NH3 it was tried to shift the equilibrium to N2 and Ha.

Pressure Changes

If the pressure of a system gets increased, by decreasing the volume, Le Chdtelier’s Prinziple

says that the system reacts on that force via shifting its equilibrium towards a state of lower

Jan Felix Schmidt 5



Die approbierte gedruckte Originalversion dieser Diplomarbeit ist an der TU Wien Bibliothek verfligbar

The approved original version of this thesis is available in print at TU Wien Bibliothek.

[ 3ibliothek,
Your knowledge hub

Vienna
University of

{JJ? Technology
5.0
AVL s 5 NH3 Reformer for a SOFC System m

pressure. The same is true the other way around. A system energetically minimises the

constraint of pressure by reducing the total number of gas molecules and likewise readjusts to
under pressure by adding more gas molecules. In equation 3.1 the number of mol on the educt
side is 4, whereas the number of mol on the product side is just 2. That means an increase of
the pressure would facilitate the production of NH3, whereas a decrease of the pressure would

be beneficial for the reaction towards the educts.

Temperature Changes

The synthesis of ammonia from nitrogen and hydrogen is an exothermic process. That means
heat is released during the production of NHs. For the reverse reaction, the dissociation of NH3
into its elementary constituents, energy is needed and therefore it is an endothermic reaction.
The Le Chdthelier’s Principle says that the system is always balancing the force it is compelled
with, by doing the opposite. If heat is added to the reaction shown in formula 3.1 the system
will balance it by shifting towards its left, endothermic, side. By doing so the added energy
gets consumed through the dissociation of NHs. If the reaction gets cooled N2 and H> are

compensating this force through the exothermic reaction by building NHs.

3.3. NHs Synthesis

The fertilization to obtain the worlds food supply is mainly based on nitrogen. More than 99%
of the free nitrogen exists as biologically inactive N in our atmosphere. Therefore, the reduction
of N2 to ammonia, the most important bioavailable nitrogen compound, is of extreme
significance. The biological process to convert N2 into NHs is restricted to a few microorganisms

and done by an enzyme called Nitrogenase.

1 bara, 20°C

+ _ Nitrogenase (3.2)
N, + 8H* + 8e- ———— 2NH; + H,

The non-biological fixation of nitrogen is done for over 100 years by the Haber-Bosch-Process.

Jan Felix Schmidt 6
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150-250 bara, 460—-550 °C

Fe—catalyst (33)
N, + 3H, 2 NH,

The production volume of ammonia in 2006 was approximately 150x 10° t, what ranks it second,
behind sulphuric acid, under the most produced organic basic chemicals [11]. Therefore, 2 % of
the worldwide natural gas production and 1 % of the world energy production was used. Around
85 % of the produced ammonia is used for fertilizers. Based on this data it can be said that the

synthesis of ammonia is one of the most important chemical processes worldwide.

3.3.1. Haber—Bosch Process
The N2/H> gas that is used for the ammonia synthesis is mainly produced from natural gas, air
and water. Based on this educts hydrogen is produced by catalytic steam reforming over nickel

catalysts.

k
CH, + H,0 - 3H, + CO AH® = 206m—{)l (3.4)

Parallel to this reaction the carbon monoxide conversion, better known as water-gas shift

reaction, is taking place.

In a primary reformer at 700-900 °C and 20-40 bara a part of the methane is transformed.
Then in a secondary reformer with the same nickel catalyst, another part of the gas mixture is
burned under controlled air supply. This reaction is exothermic, and the temperature rises to
1200 °C. The endothermic steam reforming reaction is cooling the system down again to 1000
°C. Under this condition a residual methane content of 0,5 % is reached [11]. The air demand
for the second reformer is determined by the N2/Hs ratio required by the subsequent ammonia
synthesis. CO, CO» and sulfuric compounds need to get separated completely because they are

catalyst poisons for the following Haber-Bosch catalyst.

The ammonia synthesis out of its elementary constituents is exothermic and slightly exergonic

under standard conditions (20 °C, 1 bara).

Vienna

University of

Technology
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k
AH® = —46— JAGY = —16—/ (3.6)

mo mol

Based on Le Chdtelier’s Principle it can be said that low temperature and high pressure are

Pump to circulate
and Compress gases

Expanding
gases cool ——

Heat Heat
exchanger

Recycled
unreacted

Ny and H,
>§ Catalyst
[ r (460-550"C)—
1
%
Refrigerated Heating - |
uriit coil
T
Licuud NH, J \-’
Preheated A
NH, outlet feed gases

Figure 1: Schematic description of the Haber-
Bosch Process — Here the three ways, change of

pressure, temperature or concentration, a

chemical equilibrium can get affected by

according to Le Chatelier’s Principle are

seen [22].

leading to a high equation concentration of
ammonia. Additionally, the constant drain of
liquid NH3 is also shifting the equilibrium
towards a higher production of ammonia. As
it is shown in Figure 1 the clean Na/Hs
mixture, coming from the preconnected
process is entering the Haber-Bosch facility at
the inlet. The gas is then heated up to 550 °C
and gets contacted with several catalyst
stacks. Between the catalyst stacks there are
cooling units to hold the exothermic process on
a stable temperature level. After that the NHs,
N2 and H» gas mixture is expanded and
which leads to a

additionally cooled,

condensation of NHs. The ammonia

condensate is then collected in a refrigerant unit and the not reacted N2 and Ha is recycled and

mixed again with the inlet stream. With this process it is possible to reach an overall ammonia

conversion of 97 %, even though one single cycle just converts about 15 % NHj [12].

3.3.2. Catalytic Mechanism of the Ammonia Synthesis

N> is relatively inert. The only element that is reacting with nitrogen at room temperature is

the highly reactive lithium. However, at higher temperatures a variety of other materials,

especially transition metals, react with nitrogen as well. The high thermodynamic stability can

be explained by the triple bond of N2. The binding and dissociation energy of Ny is 945 kJ /mol

[11]. As reference, the binding and dissociation energy of Hz is 436 kJ/mol and from O it is

495 kJ /mol [13].

Jan Felix Schmidt
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N=N N N H2 (g) H H
¥ T v = | |
H H H
N o W NH, NN NH3 NH3 (g)
I _— I

Figure 2: Mechanism of the Catalytic Ammonia Synthesis — (a), (b) Nitrogen and hydrogen are
adsorbed to the catalysts surface by dissociative chemisorption. (¢) Ammonia is formed by successive
combination of a nitrogen atom with three hydrogen atoms. (d) The newly formed ammonia molecule

desorbs from the catalyst surface [3].

N+3H
314
NH+2H
389
1129 NH, + H
~ f-],-z
460
1 I
I
112 N, ¥ AH= 46
+
— 259 = /
112 Nagaq) ~41
+3/2Hy -
NH
Za3 3fad)
106 NHoag)
*Haa)
Niag) NH aq)

+3H@g +2Hpag

Figure 3: The Energy Profile Diagram for the Ammonia Production — Here the Energy that is
needed to build NH3 out of N2 and H:> is shown. The upper part of the diagram symbolises the
energy demand without a catalyst and the lower curve with the iron catalyst [20].

A detailed investigation on the catalytical mechanism was carried out by G. Ertl, who was
honoured for his work with the Nobel Prize in Chemistry in 2006 [14]. The four-step mechanism
is shown in Figure 2. The first step (a) is the dissociative chemisorption of N> on the surface
of the iron catalyst. That includes the adsorption of the N2 molecule, the dissociation of the N-
N-bond and the bonding of the two separate N-atoms onto the surface of the iron catalyst.
This was determined to be the rate limiting step of the whole reaction. Hs is then adsorbed to

the surface through dissociative chemisorption as well (b). The hydrogenation occurs through
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stepwise reaction of the bound N-atoms with three H-atoms (c). The reaction is ended by the

desorption of the NH3 (d).

The energy profile diagram of the ammonia production with an iron catalyst is shown in the
lower half of Figure 3. The energetically highest state is the transition state for the reaction
¥ Nogad) + 2/3 H2 & Nag + 3 Haa. The energetically most stable state is where all four atoms
are bound to the surface of the iron catlyst (Naa + 3 Haq). From that moment the energy is
increasing, but the reaction as a total is with -46 kJ/mol exothermic. Completely different is
the energetically profile of the homogenous non-catalytical reaction in the upper curve of Figure
3. The state of four separate atoms (N + 3 H) is the most unstable or highest-energy state of
the reaction [15|. Every following step decreases the overall energy. This extremely high
activation energy is the reason why this reaction cannot be realised under reasonable chemical
conditions without a catalyst. Even at 1000 K (1 bara) the degree of dissociation for Ny and
Hs would be around 10?2 and 10, so that the non-catalytical way is not a practicable

approach [11].

3.4. Heterogeneous Catalysis

Catalysis is the key to many chemical transformations. Most industrial syntheses and nearly
all biological reactions require catalysts. A definition due to Ostwald (1895), that is still valid
today is: “a catalyst accelerates a chemical reaction without affecting the position of the
equilibrium.” [16] That means a catalyst is a substance that promotes a reaction but is not
being used by the reaction. The graph in Figure 4 shows the principle of a catalytically
supported reaction. By reducing the activation energy, a catalyst is providing a less energy

intense way for the reaction to take place, without affecting the equilibrium itself.

Vienna

University of

Technology

Jan Felix Schmidt 10



Vienna
University of
Technology

Die approbierte gedruckte Originalversion dieser Diplomarbeit ist an der TU Wien Bibliothek verfligbar

The approved original version of this thesis is available in print at TU Wien Bibliothek.

thek,

[]
10
ledge

now

3
i
r ki

M You

NH; Reformer for a SOFC System

&
emy
@
| =
[}

activation energy

reaction progress

Figure 4: Principle of a Catalyst — The reduction of the activation energy through a catalyst is shown

for the endothermic and endergonic reaction of ammonia to nitrogen and hydrogen.

For the endergonic and endothermically splitting of ammonia into nitrogen and hydrogen, that
means less energy in form of heat is needed for the reaction to start, resulting in higher

dissociation rates at lower reactor temperatures.

In general, catalysts can be classified into the three categories, homogenous, heterogenous and
biological catalysts. When the starting materials, the catalyst and the reactants are present in
the same phase it is called homogenous catalysis. Biological catalysts are called enzymes and
can be found in nearly every biological reaction. In this master thesis the focus lies on
heterogeneous catalysis, where the catalyst, educts and products are appearing in different
phases. Therefore, phase boundaries are always present on which the catalytically enhanced
reaction is taking place. This means, that different to homogenous catalysis, where in theory
every atom can be catalytically active, in heterogenous catalysis only the surface atoms are
active. This type of catalysis most commonly occurs between a solid catalyst and reacting
agents that are in gas phase. This is also the case for the ammonia reforming covered in this

thesis.
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3.4.1. Kinetic Mechanism

As it is already mentioned in the Chapter 3.3, in heterogenic catalysis just the surface atoms
of the catalyst are active. A restricted approaching direction of the active sites, or the effect
that neighbouring active centres are blocking each other, are the consequence. Therefore, it is
important for heterogenous catalysts to have a large surface area to maximise the number of
active sites. This circumstance has a complex reaction process as consequence, consisting of
several physical and chemical reaction steps. Beside the actual chemical reaction, for the overall
process, adsorption, desorption and diffusion are of importance. In Figure 5 it is shown for the
simplest case of catalytic gas reaction, how the starting materials need to get transported to
the active site, before the actual catalytic reaction is able to take place.

film diffusion
layer

gas

Y

A

Figure 5: Heterogeneously Catalysed Gas-Phase Reaction — The individual steps of the heterogenous
catalysis, consist of diffusion, adsorption, chemical reaction, desorption and diffusion.

The kinetic mechanism of heterogeneous catalysis is a step-wise process, describing the particles

path onto and off the catalyst surface including the chemical reaction (see Figure 5):

1. diffusion of the starting materials through the boundary layer to the surface of the
catalyst (film diffusion)

diffusion into the pores (pore diffusion)

adsorption of the reactants on the catalyst material

actual chemical reaction on the catalyst surface

desorption of the product from the catalyst surface

diffusion out of the pores

Ne o e W

diffusion back into the gas phase and away from the catalyst
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Step 1,2, 6 and 7 are physical reaction steps and part of the macrokinetics, whereas step 3, 4

and 5 are chemical reaction steps and part of the microkinetics. Whatever step is the most
inhibited and therefore the slowest is also the rate-determining one. If the physical steps
determine the reaction the capacity of the catalyst is not fully exploited. This effect can be
decreased by a higher gas velocity and therefore a smaller film diffusion layer [16]. What all
steps have in common is that they become faster with increasing temperature. For the ammonia
synthesis adsorption and desorption are the rate limiting steps [17]|. Especially the desorption

of nitrogen was determent to be the most energy intense step [18].

3.5. Gibbs Energy

Reforming reactions as investigated in this thesis ideally happen under constant pressure and
temperature conditions. To calculate chemical equilibria of gases under these circumstances,

minimization of Gibbs Energy (G) is used
G=H-TS (3.7)

with the gases enthalpy (H), temperature (T) and entropy (S). The change of the Gibbs energy

(AG) for a system originates in the changes of the enthalpy (AH), and entropy (AS)

AG = AH — TAS (3.8)

The mathematical sign of AG determines whether a chemical reaction will proceed in the
direction of the products (AG < 0, exergonic) or the reactants (AG > 0, endergonic). If AG is
zero, the reaction has reached its equilibrium state. The chemical equilibrium represents the
minimum of the free enthalpy of a system as it can be seen in Figure 6. In case both AH
and -TAS terms are having the same sign, the Gibbs energy is either always positive or always
negative for all temperatures. For the reaction with differing signs at AH and -TAS it depends
on the temperature if a reaction is taking place spontaneously or not. The reaction of nitrogen
and hydrogen to ammonia and backwards, is an example of a system that is temperature

dependent.
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Gibbs Energy —»

|
Q<K Q=K QxK

100 % 100 %
N, + H; NH3

Figure 6: Gibbs Energy — Gibbs energy of the NH3 synthesis reaction as a function of the gas
composition at fixed temperature. The chemical equilibrium is determined by the Gibbs energy

minimum.
Another possibility to describe a systems deviation from equilibrium state is the reaction

quotient (Q)

[NH;]?

L 3] 3.9
[Nz] ’ [H2]3 ( )

Q =

where [NHz3|, [N2| and [Ha| are either the species concentration, mol-fraction or partial pressure
in a certain non-equilibrium state. Q is merging into the equilibrium constant (K) if the reaction
has reached its minimal level of free energy, or in other words, if the reaction is in its equilibrium
state. That means if Q < K the reactants are present in excess and the reaction is moving to
the right until K is reached. If Q > K the products are abundant, and the reaction is moving

to the left. This principle can also be seen in Figure 6.
There is a general connection of the free enthalpy and the reaction quotient given by

AG = AG° + RTInQ (3.10)

where AGY is standing for the Gibbs Energy of the reaction at standard conditions, R is the
ideal gas constant (8,314 J/molK) and T is the absolute temperature at which AG shall be

calculated. For the equilibrium state of a reaction equation 3.9 changes to

AG = AG®+RTInK = 0 (3.11)

where Q is replaced by K and the change of Gibbs Energy has reached its minimum. Out of

this correlation under the requirement, that the Gibbs Energy for the standard condition is
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known, a general formula to predict the equilibrium constant and therefore also the equilibrium

constitution of the reactants and products can be derived.

0
K=o 1 (3.12)

With these relations (3.7 -3.12), the tabled values of the entropy and the enthalpy at standard
conditions and the information about the chemical equation, it is possible to predict the
chemical composition of a system at different temperatures. The assumption that AG? is not
temperature dependent and therefore also AH? and ASY, is valid for most reactions under the

condition that the pressure stays the same and lower than 10 bar [13].

It is important that the Gibbs Energy and its direct conclusion of whether the reaction is
endergonic or exergonic, does not say anything about the speed of a reaction. The Gibbs energy
is just comparing the stability of the starting substance with the stability of the reaction
products. It says nothing about the activation energy of a reaction, that needs to be overcome
by the reactants during the reaction. The higher this activation energy is the slower is the

reaction and at really high activation energies it basically stops completely.

3.6. Selective Catalytic and None—Catalytic Reduction

The selective catalytic reduction (SCR) is a technique used in industrial facilities, waste
incineration plants, gas turbines, furnaces and combustion engines, to reduce the amount of
NOx in the exhaust gas. This reaction is selective, which means mainly NO and NO3 are reduced
on the surface of the catalyst. For this reaction ammonia is injected and mixed into the off gas.

The products of the reaction are N2 and water:

4NO + 4NH; + 0, » 4N, + 6 H,0 (3.13)
2NO, + 4NH; + 0, » 3N, + 6 H,0 (3.14)
NO, + NO + 2NH; — 2N, + 3 H,0 (3.15)
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At temperatures below 700 °C this reaction is just taking place when a catalyst is around to

promote the reduction [19]. Catalysts for the SCR are titanium oxide, vanadium oxide and

activated carbon.

This technique is also used directly inside the combustion chamber at a higher temperature
range of 900 to 1050 °C. At this energy level the reduction works even without a catalyst and
is called selective non-catalytic reduction (SNCR). Below this temperature interval the SNCR’s
conversion rate is too low and above 1050 °C formation of nitrogen oxides is taking place again.

Therefore, it is important to stay within 900 to 1050 °C for the SNCR [19].

Under the name AdBlue® [20] or BlueTec® [21] the SCR can be found in cars, trucks and
heavy-duty vehicles. The only difference to the technique mentioned above is that here a 32,5 %
urea solution diluted with distilled water is used instead of pure ammonia. That is necessary

because of the hazardous properties of NH3z (see Chapter 3.1).

Because of the similarities between the techniques described in the current chapter and the
working conditions of the NHgs-reformer of this thesis, it was expected that the reformers

exhausted gas is going to be completely NOy free.

3.7. Infrared Spectroscopy

The covalent bonds between atoms are in a continuous state of swinging movement along their
axes, as well as in a certain angle towards them, depending on their degree of freedom.
Deformation vibration are changing the angles, stretch vibrations are changing the length
between chemical bonds and rotational movements are twisting the bond along its axis. With
the complexity of the molecule the number of the possible swinging movements is increasing
tremendously. The chemical bond of a molecule can be stimulated at its characteristic
frequency. In order for a molecule to be infrared-active, this stimulation occures with a change
of the dipole moment. It does not require a constant dipole, though. If a molecule is
symmetrical, like N2 or Hs for example, its vibrational band is not observed in the IR spectrum.
Infrared spectroscopy is using electromagnetic radiation with a wave numbers between 4000

and 600 cm™. This spectrum has the right energy to stimulate deformation and stretch
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vibrations of organic molecules. The electromagnetic radiation in this spectrum is within the

range of infrared radiation. If a molecule is confronted with a photon which’s frequency
corresponds to one of the molecules oscillation modes, then the photon gets absorbed. During
this process, the photons energy is being transferred to the swinging modes of the absorbing
molecule. If more radiation energy is absorbed the amplitude, but not the frequency of the
molecule’s vibration, increases. Based on the wave number that is absorbed by certain chemical
bonds it is possible to predict the type of

sgr bond of a chemical connection. Therefore, a

beam of infrared light gets passed through a

— sample and the spectrum of the transmitted

/, .
light source e 3 light reveals how much energy was absorbed
° /’/’ g
» - > I3 . .
= at each wave number. The examination of
o 3
ha
LT «—>  the samples characteristic spectrum reveals
sample camber its chemical composition.

Yy

O For this master thesis a Fourier-
detector
Transformation-Infrared-Spectrometer

figure 7: Schematic setup of an Interferometer — (FTIR) with a detector cooled by a Peltier
This graphic shows how the IR light is split and the
variation of the pathlengths between the mirrors cooler was used (see Chapter 41) The basic
inside a FTIR to produce an interferogram.

principle of an infrared spectrometer is
shown in figure 7. A light source is emitting IR light onto a beamsplitter, where half of the
light gets reflected and half is transmitted. The split light is hitting either the stationary mirror
or the movable mirror where it gets reflected again. When it comes back to the beamsplitter,
again, half of the light transmits and half of it gets reflected. The radiation from the stationary
and from the movable mirror are brought together before they go through the sample chamber.
The two paths between the mirrors and the beamsplitter differ in length, so that the waves are
not in phase. Depending on the position of the movable mirror they interfere either
constructively or destructively. Constructive interference occurs when they are in phase,
destructive interference occurs if they are out of phase by half a wavelength, in which case they
completely cancel each other. For any other variation they partially cancel. This difference in

pathlength is called retardation and causes that the beam going through the sample chamber

has a different spectrum each moment the movable mirror has a different position. This data
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(light absorption for each mirror position), called interferogram is saved for each moment and
combined by a Fourier Transformation to the final spectrum (light absorption for each wave
length) of the sample. This spectrum gets then compared to a data bank of reference
measurements for certain substances, to determine which chemical components are part of the

sample.

Before a FTIR can get used a calibration measurement is carried out with a not IR-active gas
like Na. Due to its symmetry this gas lets the whole spectrum of the interferometer’s light
source pass. This measurement, where no absorption is taking place, is then saved as the
reference spectrum of the measuring device. During the actual measurements the calibration
gas is turned off and just the sample gas is streaming through the measuring chamber. The
spectrum that is recorded with the sample gas are always referenced to the calibration
measurement with no absorption, to determine which wave numbers were absorbed by the
sample gas and to what extent. To exclude decreasing accuracy of the FTIR due to a decreasing

quality of the light source a calibration measurement should be done as often as possible.
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4 Material and Methods

4.1. List of Equipment
The reformer as well as the test stand that were used for this master thesis were manufactured
by AVL. The following list of equipment (Table 3) gives an overview of the most important

parts of the setup.

Table 3: List of Equipment - This table shows the used equipment for the experimental setup of this

master thesis. Just the main components are displayed, all the other material like tubes, insulation

etc. are not part of this table. The used catalysts are presented in Table 4.

Component M anufacturer Information
Hardware
red-y smart controller
1 MFC Végtlin Type:ﬁfdigsaEBBm
Measuring range: 1-50 nl/min
2 Evaporator Adrop Athros (1 kg/h evaporating rate)
3 Heating Wire Horst GmbH Type: HSQ
4 Water Pump KNF Lab Stepdos O3 RC
5 Gilibrator Sensidyne Gilibrator-2 Calibrator
6 Reformer AVL Self-made component
7 FTIR Gasmet DX4000 plus system parts
8 Thermocouple FuelerSysteme eNET TE Type K (NiCr-Ni) 1,5 mm
Software
9 LabVIEW National Instruments Version 2014 SP1
Chemicals
10 N» Air Liquide ALPHA((F:IQZQ{S);;(;;?TOFF 1
11 Forming Gas Air Liquide ARCAL F5, N2/Hs 95/5
AMMONTA N38
12 NH; Air Liquide (Hl\%?’ 39’1%% Zglﬁf
Oil < 5 ppmw

Additionally, several basic components like tubes, insulation material etc. were used during the

tests without being listed in Table 3. The gilibrator was used to calibrate the MFC, which was

made out of ammonia resistant material, but was pre-calibrated on air. A pre-calibration with
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NH; is something that is hardly done by companies, because of the high chance to damage
their laboratory equipment with NH3 gas. The heating wires needed to get changed on a regular
basis, because the high temperature made them brittle. This fact in combination with the
frequent mounting and dismounting of the reformer to change the catalyst material, made them
break easily. The same type of wire was used in different length from 2 to 5 meters with an

electrical power from 350 W to 850 W.

4.2. Test Stand

Parts of the setup were already existent before the start of this master thesis and got extended
to the whole setup that is shown in Figure 8. The reformer was designed and produced by

AVL.

TR,
&) ==t
.J’m:“\I
\ ,J
FTIR

Figure 8: Flowsheet of the test stand — This flowsheet describes the general setup of the test facility
that is shown in Figure 9. Ammonia is the main feed and goes through a heated tube into the
reformer (K1) that is filled with the catalyst. The reformer is heated by an electrical heating wire
up to 900 °C. After the reformer the off gas goes through an FTIR where its composition is
determined before it leaves the facility into the exhaust system of the laboratory. The part of the off
gas that was not used by the FTIR was cooled to room temperature in the second heat exchanger
(W2) before it was mixed again with the off gas from the FTIR. The pump (P1) and the vaporiser
(W1) were used for moist measurements to dose 20 vol% of H20 steam into the ammonia stream.
11 temperature sensors (TR) or temperature and pressure sensors (TPR) are monitoring the
temperature distribution within the facility.

As shown in Figure 8 the core part of the test facility was the reformer. This reformer, as it
can be seen in Figure 9 was made from stainless steel, with an inner diameter of 29,7 mm, a
tube length of 760 mm and a total filling volume of 500 cm?. It was filled with a catalyst and

heated with electrical heating wires that were controlled by temperature controllers. At the
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beginning and the end of the reformer a small wad of metal wool was fixing the catalyst

material. Eight connectors for thermocouples where welded onto the reformer with eight Type
K temperature sensors attached to them. The thermocouples were positioned directly in the
middle of the tube. The whole reformer was insulated on the outer side with a band of glass
wool to protect the heating wires and then put into a bed of thermo-granulate for a better

insulation. In Figure 9 the reformer and its setup are shown.

The test stand's control cabinet was connected to a PC where the LabVIEW based control
software and the data logging were executed. Parallel to the measurement of the computer a
separate FTIR was used to measure the gas composition after the reformer. Both measurements
were then brought together manually into one log data file. The FTIR was calibrated for an
NHj3 range of 0 to 10 vol% and therefore measurement accuracy decreases above the level of

10 VOI% NH3.

In front of the reformer an H»2O pump in combination with a vaporiser were installed
additionally to the ammonia supply. That enabled the facility to also measure an ammonia
and steam mixture. From the point steam and ammonia were mixed within the facility, all the
tubes were heated and insulated to prevent condensation of water and therefore also NH3 going

into solution.

The test stand was connected to three different gas supplies (Figure 8). Ammonia, nitrogen
and forming gas, which is a mixture of 95 % Ny and 5 % Ha. Forming gas was used to activate
the Ni catalyst by reducing the initial Ni oxides. The Ni based catalysts (Table 4) were
delivered in their oxidised form and needed to get reduced to their metallic form to reach their
full catalytic potential. Nitrogen was used to flush the test facility to prevent left over NH3 gas
from condensing. During the measurements all the other gas supplies where turned off and only
ammonia and for the moist measurements ammonia in combination with the water supply were
used. Depending on if just dry ammonia or a mixture of ammonia and steam was needed, the
vaporiser and the pump were turned off or on. Before every measurement the reformer was
heated up to 400 °C with the NH3 supply turned off. From the moment the reformer reached
400 °C the ammonia supply was turned on. The reformer then was heated up to the highest
reachable temperature or, if possible to 900 °C. Failures due to short-circuits between the

heating wires and the reformer's metal surface caused initial problems, that were solved by
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removing the insulation layer between the reformer and the heating wire. In Chapter 6.1 this

initial problem is discussed in more detail.

Figure 9: Test Stand — Image (a) shows the reformer and how it was integrated into the test facility.

During the measurements, the box around the reformer, was filled with a thermo granulate for a
better insulation. The flow direction is indicated by white arrows. Image (b) shows the whole test
stand. Image (c) shows the reformer without any insulation. Image (d) shows the position of the
thermocouples inside the empty reformer before it was filled with a catalyst material.
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In this chapter the catalysts that were used in this master thesis are presented. The

manufacturers just gave a rough information about the catalysts composition which is shown

in Table 4.

Table 4: list of the used catalysts — This table gives a detailed

on the details the manufactures were willing to disclose.

Name

CAT 1

M anufacturer

Manufacturer 1

information about the catalysts based

Information

540°C calcined basis

Ni 6.0 £+ 1.0 wt. %

Ca 53+ 21wt %

Al 35+ 15wt %

loss on ignition at 540 °C < 1.0
wt. %

magnesium oxide balance

CAT 2

Manufacturer 2

aluminium oxide coated with Ru

CAT 3

Manufacturer 3

coated 5% Ru alumina spheres

CAT 4

Manufacturer 1

NiO 56.5 wt. %
support and promoter balance

Figure 10: Picture of the Catalysts — (a) CAT 1, (b) CAT 2, (¢) CAT 3, (d) CAT 4
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5 Measurement Results

5.1. DoE

The aim was to dissociate ammonia in an electrically heated reformer filled with different
catalysts at different temperatures while measuring the residual ammonia concentration at the
outlet. For this reason, the temperature was increased dynamically from 400 °C up to 900 °C

for each measurement.

The base setting for the measurements was chosen, regarding the gas hourly space velocity
(GHSV written as SV in the following document) a state of the art AVL natural gas reformer
would have, if it was operated with ammonia instead of natural gas at the same calorific power.
The SV of this reformer would be 1300 h™t. M. Wang [23] performed ammonia reforming tests
with a similar SV of 1320 h™! with a reactor volume of 0,05 1. The similarity to the basic space
velocity made this result a benchmark for the reformer test. In Table 5 a linear interpolation
starting at the 0,05 1 reformer from M. Wang, up to the natural gas reformer of the company
AVL is shown. To realise this interpolation the NHj3 feed, the AVL natural gas reformer plus
SOFC would need to produce 6 kW electrical power, was calculated based on the values shown
in Table 6. The result of this estimation was an NH3 feed of 55,4 N1/min. This resulted, based
on the direct comparison with the 0,05 | reactor, in a reactor volume of 2,52 1. The test reformer
that was used for the reformer test was 5 times smaller and had 0,5 1. The linear interpolation

for this reactor volume is also shown in Table 5.
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Table 5: Estimation for DoE based on literature — In the following table the reference values out of
a literature source are shown with two compared estimations. One estimation assumes that 12 kW
NHj for our SOFC Stack is needed, and the other estimation is based on the actual reactor volume
of 0,5 1 of our test reactor. The calculation beneath shows how the NH3 feed to reach 12 kW energy

with NH3 was determined.

factor 1 factor 10 factor 50
Dates from Estimation Basis Estima‘t’ion Basis
Paper [23] 0,51 55,4 N1/min NH3
Reactor Volume Feed
reformer volume 0,05 dm? 0,50 dm?3 2,52 dm?
NH; feed 1,1 NI/min 11 NI/min 55,4 NIl/min
NH; conversion 99,9 % 99,9 % 99,9 %
H> yielding rate 1,7 Nl/min 16,5 NIl/min 83,1 NI/min
estim. el. power 158 W 1580 W 7958 W
cracking temp. 600 °C 600 °C 600 °C
face velocity 88 cm/s 88 cm/s 88 cm/s
space velocity 1320 ht 1320 h't 1320 h't
Ny/H; product gas(600°C) 6,5 NI/min 64,5 NI/min 324,6 NIl/min

Table 6: Estimated NH3 Feed — The shown values from the database of the VDI [24] were used to
estimate the NH3 consumption a state of the art natural gas reformer of the company AVL would
have to produce 6 kW electrical power out of 10 kW ammonia. To be on the safe side 2 kW were
added for all the unexpected energy losses. In total the ammonia flow rate to carry 12 kW of energy
was determined to be 55,4 N1/min.

Given Values Result
heating value of NHj 5,2 kWh/kg | NHj Feed 55,4 Nl/min
density of NH3 at 25°C 0,6942 kg/m?
needed power 12 kW NH3

Knowing these findings, a Design of Experiment (DoE) was chosen to investigate a range of
different SVs above and below the base SV of 1320 h'!. The limiting factor was the heat input
from the reformer. It turned out that 1920 h! is the highest SV the reformer can handle and
therefore a symmetric range from 720 h™! to 1920 h™! was set. Additionally, to the measurements
with 100 vol% dry NHs, 20 vol% of steam was added for moist measurements. That means all
together 3 different catalysts (+ 1 bonus catalyst) where investigated, in each case 3 dry and
3 moist measurements. Originally it was planned to investigate 4 different catalysts. But during
the first measurements a lot of unexpected problems occurred, what made the results of the

first catalyst unusable. Just two test measurements of this catalyst delivered useful datasets,
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therefore the decision was made to use these two measurements as bonus, even though their

SV differed to the others. An overview of the DoE is shown in Table 7.

Table 7: Design of Experiment — Overview of all measured parameters. The space velocity is always
referred to a 100 % NHj feed and calculated based on the reformer volume of 0,5 1. During the moist
measurements 20 vol % of steam was added to the dry NH3 stream what led to a 20 % higher space

velocity for moist measurements.
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Catalysts
Cat 4 (Bonus)
NH;
SV dry moist dry moist dry moist dry moist
(100 % NH3) (+ 20 % H:0) (100 % NHz) (+ 20 % H:0) (100 % NHz) (+ 20 % H:0) (100 % NHz) (+ 20 % H:0)
[b-!]
720 | 720 ht = 864 h'! 720 ht 864 h'! | 720 h! 864 h' [ 492 h'! = 590 h!
1320 [ 1320 h'' 1584 h'' | 1320 h'' | 1584 h'! | 1320 h'! = 1584 h'!
1920 [ 1920 h'* = 2304 h'' | 1920 h'* | 2304 h' | 1920 h'! = 2304 h!
5.2. Results

In this chapter the results of the measurements are presented. The discussion of these results
is done in Chapter 6 separately. Due to the fact, that the catalyst was filled by hand into the
reformer and because of the specific reformer design, it was not always possible to fill the whole
tube completely. These inaccuracies and the changes of the SV derived from the changes of

catalyst volume, are displayed in a table of each individual reformer section.

Each measurement is presented in a separate plot (Figure Figure 11 - Figure 30). The first
diagram of each plot shows the FTIR measurement of the NH3 concentration after the reformer,
based on the temperature T9 at the end of the reformer. The second diagram shows the NOx
concentration and additionally the HoO concentration for moist measurements, also based on
temperature T9. And the third diagram shows the course of all temperature sensors during the
measurement. The x-axes of the last plot also shows how long it took to reach the final
temperatures. The measurements were taken for the temperature range of 400 °C to 900 °C.
During the measurements the temperature inside the reformer was increased steadily until the

highest possible temperature was reached.
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5.2.1. Catalyst 1

Table 8: Specification of the Catalyst CAT 1 — The pellets of this catalyst were originally too large
to fit into the reformer tube and therefore had to be crushed. The low filling volume of 0,3 1 of this
catalyst shows, even with the crushed catalyst, that it was hard to fill the whole reformer. Therefore,
the SVs are higher than the calculated SV based on the reformer volume of 0,5 1. A more detailed
description of the chemical composition of the catalyst is given in Table 4. The weight of the used

catalyst was measured before and after the test.
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catalyst reformer
volume: 0,3 | 1 volume: 0,5 ‘ 1
weight:
before 3943 | g
after 3806 | g

feed SV feed SV

flow rate | reformer flow rate | reformer
[1/h] [h-!] [h-!] [1/h] [h-'] [h]
360 720 1200 432 864 1440
660 1320 2200 792 1584 2640
960 1920 3200 1152 2304 3840

Jan Felix Schmidt 27



Die approbierte gedruckte Originalversion dieser Diplomarbeit ist an der TU Wien Bibliothek verfuigbar

The approved original version of this thesis is available in print at TU Wien Bibliothek.

thek,

[]
10
ledge

now

3
i
r ki

NH3 Reformer for a SOFC System

CAT 1, SV 1200 h'l, dry

NH3 concentration after reformer
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Figure 11: CAT 1, SV 1200 h-l, dry — All fluctuations of the NHj3 curve above 20 % can be explained
by measurement inaccuracies, caused by excess of the calibrated range. The used FTIR was calibrated

for 0 — 10 vol% of NHj gas. T9 represents the last temperature measurement at the end of the NHj

reformer and was used as reference temperature for the plots.
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CAT 1, SV 1440 h', moist

NH3 concentration after reformer
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Figure 12: CAT 1, SV 1440 h-!, moist — All fluctuations of the NH3 curve above 20 % can be explained
by measurement inaccuracies, caused by excess of the calibrated range. The used FTIR was calibrated

for 0 — 10 vol% of NHj3 gas. The H2O curve also started to be representative from the moment NH 3

was below 15 %, every movement before can be ignored. T9 represents the last temperature

measurement at the end of the NHj3 reformer and was used as reference temperature for the plots.
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CAT 1, SV 2200 h'l, dry

NH3 concentration after reformer
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Figure 13: CAT 1, SV 2200 h-1, dry — All fluctuations of the NH3 curve above 20 % can be explained
by measurement inaccuracies, caused by excess of the calibrated range. The used FTIR was calibrated

for 0 — 10 vol% of NHj gas. T9 represents the last temperature measurement at the end of the NHj

reformer and was used as reference temperature for the plots.
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CAT 1, SV 2640 h', moist

NH3 concentration after reformer
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Figure 14: CAT 1, SV 2640 h-!, moist — All fluctuations of the NH3 curve above 20 % can be explained
by measurement inaccuracies, caused by excess of the calibrated range. The used FTIR was calibrated
for 0 — 10 vol% of NHj3 gas. The HoO curve also started to be representative from the moment NHj
was below 15 %, every movement before can be ignored. T9 represents the last temperature
measurement at the end of the NHj3 reformer and was used as reference temperature for the plots.
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CAT 1, SV 3200 h'!, dry
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Figure 15: CAT 1, SV 3200 h-1, dry — All fluctuations of the NH3 curve above 20 % can be explained
by measurement inaccuracies, caused by excess of the calibrated range. The used FTIR was calibrated

for 0 — 10 vol% of NHj gas. T9 represents the last temperature measurement at the end of the NHj

reformer and was used as reference temperature for the plots.
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CAT 1, SV 3840 h'', moist
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Figure 16: CAT 1, SV 3840 h-!, moist — All fluctuations of the NH3 curve above 20 % can be explained
by measurement inaccuracies, caused by excess of the calibrated range. The used FTIR was calibrated

for 0 — 10 vol% of NHj3 gas. The HoO curve also started to be representative from the moment NHj

was below 15 %, every movement before can be ignored. T9 represents the last temperature

measurement at the end of the NHj3 reformer and was used as reference temperature for the plots.
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5.2.2. Catalyst 2

Table 9: specification of the catalyst Cat 2 — Different to the first catalyst the pellets of the Cat 2
were a lot smaller and therefore it was a lot easier to fill the reactor tube. That is why the real SVs
based on the actual catalyst volume do not differ too much from the SVs based on the reformer
volume. A more detailed description about the chemical structure of the catalyst is given in Table 4.
The weight of the used catalyst was measured before and after the tests.
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Cat 2
catalyst reformer
volume: 0,45 | 1 volume: 0,5 ‘ 1
weigh:
before 3892 | g
after 383,1 | g

feed SV feed SV

flow rate | reformer flow rate | reformer
[1/h] [h'] [h] [1/h] [h] [h']
360 720 800 432 864 960
660 1320 1467 792 1584 1760
960 1920 2133 1152 2304 2560
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CAT 2, SV 800 h'!, dry

NH3 concentration after reformer
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Figure 17: CAT 2, SV 800 h-l, dry — All fluctuations of the NH3 curve above 20 % can be explained
by measurement inaccuracies, caused by excess of the calibrated range. The used FTIR was calibrated
for 0 — 10 vol% of NHj gas. T9 represents the last temperature measurement at the end of the NHj
reformer and was used as reference temperature for the plots.
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960 h', moist
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Figure 18: CAT 2, SV 960 h-l, moist — All fluctuations of the NHg3 curve above 20 % can be explained
by measurement inaccuracies, caused by excess of the calibrated range. The used FTIR was calibrated

for 0 — 10 vol% of NHj3 gas. The HoO curve also started to be representative from the moment NHj

was below 15 %, every movement before can be ignored. T9 represents the last temperature

measurement at the end of the NHj3 reformer and was used as reference temperature for the plots.
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CAT 2, SV 1467 h'l, dry
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Figure 19: CAT 2, SV 1467 h-1, dry — All fluctuations of the NH3 curve above 20 % can be explained
by measurement inaccuracies, caused by excess of the calibrated range. The used FTIR was calibrated

for 0 — 10 vol% of NHj gas. T9 represents the last temperature measurement at the end of the NHj

reformer and was used as reference temperature for the plots.
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CAT 2, SV 1760 h'', moist
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Figure 20: CAT 2, SV 1760 h-l, moist — All fluctuations of the NH3 curve above 20 % can be explained
by measurement inaccuracies, caused by excess of the calibrated range. The used FTIR was calibrated
for 0 — 10 vol% of NHj3 gas. The HoO curve also started to be representative from the moment NHj
was below 15 %, every movement before can be ignored. T9 represents the last temperature
measurement at the end of the NH3 reformer and was used as reference temperature for the plots.
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CAT 2, SV 2133 h'l, dry

NH3 concentration after reformer
I 1

100 T T T T T T 2000

= B0 —
= - 1500 cEz.
2 e
Rl §
= - 1000 ®
€ 40 e
=

8 554 1500 §

0 1 ! ! I ! | 1 1

0
400 450 500 550 600 650 700 750 800 850 900
temperature ["C]

NOx concentration after reformer
I I ] | I

300 (- T T

[ae}

o

o
T

(3%
=
o=
T
j
"
iif
1

-

(]

(=]
T

concentration [ppm]
—
o
o
T

0 1 I I i G con OO I i 1
400 450 500 550 600 650 700 750 800 850 900
temperature ["C]

temperature distribution
T

900 T T T T T
1 ™ ||
800 s
5 700 T3 |4
% T4
£ 600 IE |
5500 — 17 |
= : T8
£ 400 T9 |
T10
300 -
200 | | 1 | | 1
0 20 40 60 80 100 120
time [min]

Figure 21: CAT 2, SV 2133 h-1, dry — All fluctuations of the NH3 curve above 20 % can be explained
by measurement inaccuracies, caused by excess of the calibrated range. The used FTIR was calibrated
for 0 — 10 vol% of NHj gas. T9 represents the last temperature measurement at the end of the NHj
reformer and was used as reference temperature for the plots.
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CAT 2, SV 2560 h'', moist
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Figure 22: CAT 2, SV 2560 h-!, moist — All fluctuations of the NH3 curve above 20 % can be explained
by measurement inaccuracies, caused by excess of the calibrated range. The used FTIR was calibrated

for 0 — 10 vol% of NHj3 gas. The HoO curve also started to be representative from the moment NHj

was below 15 %, every movement before can be ignored. T9 represents the last temperature

measurement at the end of the NHj3 reformer and was used as reference temperature for the plots.
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5.2.3. Catalyst 3

Table 10: specification of the catalyst CAT 3 — With this catalysator it was possible to fill the
reformer tube completely. Because of that the real SV does not differ from the SV based on the
reformer volume. The missing weight of the catalyst before the measurements can be explained with
a mistake that happened. Unfortunately, it is not possible to determine the weight of the catalyst in
hindsight. A more detailed description about the chemical structure of the catalyst is given in

Table 4.
CAT 3

catalyst reformer
volume: ’ 0,5 | 1 volume: | 0,5 ‘ 1
weigh:
before -leg
after 3315 | g
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feed SV feed SV

flow rate | reformer flow rate | reformer
[1/h] [h-!] [h-!] [1/h] [h-'] [h]
360 720 720 432 864 864
660 1320 1320 792 1584 1584
960 1920 1920 1152 2304 2304
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Figure 23: CAT 3, SV 720 h-1, dry — All fluctuations of the NH3 curve above 20 % can be explained
by measurement inaccuracies, caused by excess of the calibrated range. The used FTIR was calibrated

for 0 — 10 vol% of NHj gas. T9 represents the last temperature measurement at the end of the NHj

reformer and was used as reference temperature for the plots.
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CAT 3, SV 864 h!, moist

NH3 concentration after reformer
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Figure 24: CAT 3, SV 864 h-l, moist — All fluctuations of the NHg3 curve above 20 % can be explained
by measurement inaccuracies, caused by excess of the calibrated range. The used FTIR was calibrated

for 0 — 10 vol% of NHj3 gas. The HoO curve also started to be representative from the moment NHj

was below 15

%, every movement before can be ignored. T9 represents the last temperature

measurement at the end of the NH3 reformer and was used as reference temperature for the plots.
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Figure 25: CAT 3, SV 1320 h-1, dry — All fluctuations of the NHs curve above 20 % can be explained
by measurement inaccuracies, caused by excess of the calibrated range. The used FTIR was calibrated

for 0 — 10 vol% of NHj gas. T9 represents the last temperature measurement at the end of the NHj

reformer and was used as reference temperature for the plots.
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CAT 3, SV 1584 h'!, moist

NH3 concentration after reformer
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Figure 26: CAT 3, SV 1584 h-!, moist — All fluctuations of the NH3 curve above 20 % can be explained
by measurement inaccuracies, caused by excess of the calibrated range. The used FTIR was calibrated

for 0 — 10 vol% of NHj3 gas. The HoO curve also started to be representative from the moment NHj

was below 15 %, every movement before can be ignored. T9 represents the last temperature

measurement at the end of the NHj3 reformer and was used as reference temperature for the plots.
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Figure 27: CAT 3, SV 1920 h-1, dry — All fluctuations of the NH3 curve above 20 % can be explained
by measurement inaccuracies, caused by excess of the calibrated range. The used FTIR was calibrated

for 0 — 10 vol% of NHj gas. T9 represents the last temperature measurement at the end of the NHj

reformer and was used as reference temperature for the plots.
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Figure 28: CAT 3, SV 2304 h-1, moist — All fluctuations of the NH3 curve above 20 % can be explained
by measurement inaccuracies, caused by excess of the calibrated range. The used FTIR was calibrated

for 0 — 10 vol% of NHj3 gas. The HoO curve also started to be representative from the moment NHj

was below 15

%, every movement before can be ignored. T9 represents the last temperature

measurement at the end of the NHj3 reformer and was used as reference temperature for the plots.
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5.2.4. Catalyst 4 — Bonus

Table 11: specification of the catalyst CAT 4 — Since it wasn’t planned to do measurements with
this catalysator it needs to be seen as bonus measurement and is therefore also not complete.
Different to the CAT 1 the CAT 4 has a very small pellet size what made it easier to fill the
reformer tube. Nevertheless, due to the complex design of the reformer it wasn’t possible to fill it
completely. A detailed description about the chemical structure of the catalyst is given in Table 4:

catalyst reformer
volume: ’ 0,4 | 1 volume: | 0,5 ‘ 1
weigh:
before -lg
after 536 | g

feed SV feed SV

flow rate | reformer flow rate | reformer
[1/h] [h] [h!] [1/h] [h] [h]
246 492 615 295,2 590,4 738
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Figure 29: CAT 4, SV 615 h-l, dry — All fluctuations of the NHj curve above 20 % can be explained
by measurement inaccuracies, caused by excess of the calibrated range. The used FTIR was calibrated

for 0 — 10 vol% of NHj gas. T9 represents the last temperature measurement at the end of the NHj

reformer and was used as reference temperature for the plots.
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Figure 30: CAT 4, SV 738 h-1, moist — All fluctuations of the NHg3 curve above 20 % can be explained
by measurement inaccuracies, caused by excess of the calibrated range. The used FTIR was calibrated

for 0 — 10 vol% of NHj3 gas. The HoO curve also started to be representative from the moment NHj

was below 15 %, every movement before can be ignored. T9 represents the last temperature

measurement at the end of the NHj3 reformer and was used as reference temperature for the plots.
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This chapter is dealing with the most important issues that were solved or investigated during
this master thesis. Every finding that had an influence on the reformer tests or led to an
important solution is presented in a separate subsection. First the already known facts like the
energy demand and the equilibrium composition of the NHjz dissociation are compared to the
measured results. Then the measured results are discussed and compared in their raw form,
based on the plots from Chapter 5.2. After the discussion of the raw results the important
findings like, the effect H2O has on the reaction, the catalyst that worded the best, NOy
emissions and the change of the catalysts during the tests are presented in detail. A final error

estimation is concluding the discussion.

6.1. Energy Demand

One of the initial tasks was to adjust the heat management to the requirements of the reaction.
As it can be seen in Figure 14 - Figure 16 the power input was too low to reach the required
temperature of 850 °C inside the reformer. That can be explained by two circumstances. First
the heating wires and the surface of the reformer produced a short circuit at higher
temperatures and second the first setup did not have enough electrical power. Against initial
assumptions the problem of the short was solved by eliminating the glass wool band between
the heating wire and the reformer tube. In Figure 31 the glass wool band is shown that was
wrapped around the reformer to insulate it against the wire. The first
attempt was that an additional insulation between the wire and the
reformer would increase the electrical resistance and therefore enable the
reformer to reach higher temperatures. After several trial and error
approaches the solution was to put the heating wire directly onto the

metal tube of the reformer. Why that brought the wanted solution can

be explained by the fact, that due to too good insulation by the glass

Figure 31: Heating

Wire — Glass wool wool band, the heat transport was reduced. A local heat peak around
band was a too good
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the heating wire was the consequence. This in comparison higher temperature led to a strong

reduction of the electrical resistance and later to the short circuit. The effect that an additional
insulation usually increases the electrical resistance, had a weaker impact than the reducing
effect by the higher temperature. The trial to heat the facility up without the glass wool band
showed, that a quicker heat transport from the heating wire into the reactor wall was possible
and therefore the local temperature around the heating wire stayed on a lower level than with
the glass wool band. As a consequence, a higher electrical resistance between the wire and the
reformer occurred and no short was produced. This was also confirmed by measuring the

resistance with a voltameter.

The second point that the facility did not have enough heating power was solved by adding
additional electrical heating wires. The heat losses where bigger than initially expected and

therefore this measure was necessary.

A general energy balance of the reformer is shown in Figure 32. The assumptions that were

made to calculate this balance are:

- 100% NHs conversion
- adiabatic system
- no other reactions, like the formation of NO or NO3 inside the reformer

- pressure of 1 bara

The control volume is marked blue (see Figure 32) and symbolises all streams that are
considered. The inlet temperature is 300 °C for all feed streams and the outlet temperature is
900 °C for all product streams. As space velocity the highest possible one of 1920 s*! NHj3 plus
a 20 vol% H20 steam was chosen. These settings are representing the highest energy demands

of all measurements.
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Figure 32: Energy Balance of the NH3 Reformer — To calculate the energy consumption of the NH3
reformer the inlet streams and the outlet streams where separated into their different components.
Considered were the heat each individual stream was adding or withdrawing the system plus the
reaction enthalpy, that was consumed by the dissociation of ammonia. The energy balance is based
on the physical properties of the “VDI Wirematlas” [24] and takes as an assumption that the system

is adiabatic and under a pressure of 1 bara.

The adiabatic energy demand was then calculated according to equation 6.1. The term Qo is
the thermodynamic power of the combined output stream, Q; is the equivalent for the incoming
stream, Qg is the energy demand of the reaction and Qe is the electrical energy from the heating

wires. If a steady state is achieved the conversion to equation 6.2 is possible.

dqQ . . :
i Z(m Cp T)out — Z(m Cp T)in +r (—AHR) V—Qa (6.1)
> x QR
Qo Qi
) = 1408 K 1220 K 1794 K =550
Qer = W T W (6.2)
Qo Qi Qr

The calculated energy demand of 550 W is the result of the reaction energy plus the heating
up of the whole gas phase for the highest possible flow. Not included are any heat losses,

electrical efficiencies or parallel reactions like the formation of NOx.

In the beginning (Figure 14 to Figure 16) two heating wires (see Chapter 4.1) with 850 W each
where used. After the first experiments it was clear that the electrical power was not sufficient.
Therefore one heating wire with 850 W and 4 heating wires with 350 W each where wrapped
around the reformer producing a total power of 2250 W. As it can be seen in all following
measurements (Figure 17 to Figure 30), the initial problems with the heat intake were solved

and the facility definitely had enough power.
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6.2. Equilibrium Composition

Another point that was striking is the fact that the calculated temperature where ammonia is

dissociated to a degree of 99 % and the temperature, most measurements reached this

dissociation level, were different.

maol-%
100

a0

80

o 100 200 300 400 00 Gl T C

mol-%

100

H2(g)

N2(g)

+00 500 600 700 =

Figure 33: Gibbs Equilibrium — The left graph is showing the chemical composition of the ammonia

synthesis calculated by the software HSC Chemistry and the right graph is showing the tabled values

of ammonia dissociation over the temperature according to W. Schreiter [25].

The Gibbs Reactor of the software HSC
Chemistry determines a 99 % dissociation of
NH3 at a temperature around 400 °C. This is
congruent with equilibrium values from W.
Schreiter [25] that are visualised in Figure 33.
By looking at the measured results of this thesis,
the same dissociation level was reached within a
temperature range of 700 — 750 °C although a
catalyst was used. That means the expected
values of ammonia dissociation where not
reached as quickly, even though temperatures of
900 °C where achieved under the influence of a

Ni and Ru catalysts.

In Figure 34 a real measurement, (its raw data
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Figure 34: Real Measurement — The graph shown
above is from the measurement shown in Figure
18 (CAT 2, SV 960 h'!, moist) and represents a
direct comparison to the theoretical values from
Figure 33. Only the NH3 curve is measured the
other two are calculated curves based on the
measurement. The small peaks around the
temperature of 450 °C are due to measurement
inaccuracies.

are shown in Figure 18, CAT 2, SV 960 h'', moist), is directly compared to the result from the

Gibbs reactor and the tabled values from W. Schreiter [25] that are shown in Figure 33. To
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make the measured data directly comparable, the vol-% of water was cancelled out. Now the

vol-% in Figure 34 can be directly compared to the mol-% of Figure 33, since in both cases

pure NHj3 is compared to each other.

Why there is such a big difference between the measured values and the calculation based on
the Gibbs energy can be explained by the theory, that is shown in Chapter Gibbs Energy (3.5).
The Gibbs reactor is taking into consideration just the energetical situation of the products
and the educts. This approach compares the energy level of two separate states, without

focusing on the path that is lying in between. In Figure 3 of Chapter

Catalytic Mechanism of the Ammonia Synthesis (3.3.2) the energetical profile the nitrogen and
hydrogen molecules need to overcome before they are able to form ammonia is shown. This
graph shows that the nitrogen and hydrogen atoms need to climb a massive activation peak
before the energetically lower state of ammonia can be reached. The same activation energy
plus its exothermic energy need to be overcome by the reverse reaction of splitting ammonia.
If just the beginning state of 100% ammonia and the final state of 75% hydrogen and 25%
nitrogen are taken into consideration it might seem that the needed energy to make that
endothermically reaction happen is only 92,5 kJ /mol. In fact, an initial amount of 1175 kJ/mol
is needed to start the reaction that is ignored by the calculation of the Gibbs reactor. This
extremely high activation energy is the reason why it is so crucial to use a catalyst to stabilise
the transient states and therefore lower the energy consumption of the reaction as a total. The
stabilisation of the transition states can also be seen in the energy profile of the ammonia

synthesis in Figure 3 of Chapter

Catalytic Mechanism of the Ammonia Synthesis (3.3.2).

6.3. Results Comparison

A general overview and comparison of the measured results is shown in figure 35 and figure 36.
As it was mentioned before the measurements with the catalyst CAT I were taken before the
additional heating wires were installed and therefore the heat intake was not sufficient. In

section a) of figure 35 and figure 36 it can be seen, that during the measurements with higher
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space velocities it was not possible to reach higher temperatures. Still, the SV range of

1200 - 1400 h'! delivered representative measurements.

Interesting to see was that the same interruption happened during the moist measurements of
the catalyst CAT 2. This measurement was done after the facility’s upgrade to more heating
power and therefore a lack of heating energy can be excluded. Here the higher SVs (1760 h!
and 2560 h™') came to an abrupt end at about 750 °C and (2,0 & 0,1) vol-% residual ammonia
(figure 36, b). The fact that the same volume streams of the moist measurements with the
catalyst CAT 3 (figure 36, c¢) did not have this problem gives the prove that it cannot be
connected to an insufficient heat supply. An explanation could be, that the heat conduction of
the CAT 2 catalyst was not as good as CAT 3 and therefore the heat transport within the

catalyst did not happen quickly enough.

Another point that was outstanding is that the highest SV of the dry measurement with the
catalyst from CAT 2 enabled a quicker dissociation of ammonia, than it was achieved with the
lower SVs. In Chapter Kinetic Mechanism (3.4.1) the explanation for this phenomenon is given.
By increasing the flow, the film diffusion layer of the catalyst particles gets decreased [26] and
therefore the limiting factor of this macrokinetical mass transfer step is reduced. The result is
a faster dissociation of ammonia, due to a quicker transport to the active site of the catalyst,
that can also be seen in the measured values (figure 35, b). Interesting is that the same
tendencies cannot be seen at the moist measurements even though the volume streams are
higher. An explanation here could be, that the additional water is reducing the partial pressure
of NH3 and therefore reducing the general reaction rate. Unfortunately, the amount of the
measurements that were taken was not big enough to consider this approach as valid and
therefore it must be seen as a possible explanation, that cannot be confirmed based on the

current information.

In general, the tendency was that lower SVs showed a better dissociation rate of NHs.
Therefore, a longer residence time was beneficial for the splitting of ammonia. This finding can
be directly transformed into the statement that the microkinetical steps of the reaction,
adsorption, the chemical reaction on the catalyst surface and desorption are the reaction rate
mitigating steps. Otherwise a higher SV would have been beneficial for the reaction, because a

higher pressure accelerates the diffusion steps, as it is explained in Chapter Kinetic Mechanism
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(3.4.1). This assumption gets reaffirmed by W. Tsai [18] who showed that the desorption of N

is the most energy intense step and therefore also the slowest.

Activation with forming gas was just done for the two Ni-based catalysts CAT 1 and CAT 4.
The two Ru-based catalyst (CAT 2 and CAT 3) were used directly with ammonia without any
activation. The atmosphere that was created by the dissociation of ammonia has a reducing
effect on oxides and therefore an activation was not as important. As it is mentioned in

Chapter 4.2 just the Ni catalysts were activated beforehand.

This assumption led to a mistake that was elucidated by the first measurement with the
catalyst CAT 3 that was carried out at a SV of 720 h™! (figure 35, ¢). This measurement showed
a completely different course to all the other measurements. First the dissociation happened at
a lot lower temperature than compared to all the other measurements, and finally the NHs3
concentration started to increase again until it reached a value of (0,44 + 0,02) vol-% NHj at
900 °C. One explanation could be that the catalyst was, not completely activated before the
measurement and therefore showed this strange behaviour. Still interesting is that the
dissociation started at that low temperatures, what should not be the case if the catalyst was
not fully activated. At the beginning of the measurement a H>O concentration of
(2,2 £ 0,1) vol-% was detected, what is normally an indication of a not complete activation.
The catalysts are active in their metal state and deactivated when oxidised. Hydrogen reduces

the metal oxides and produced water with the oxygen atom.

The higher SVs of the dry measurements (1320 h! and 1920 h!) are also just reaching an
ammonia concentration of (2,6 + 0,1) vol-% and (2,8 £+ 0,1) vol-%, while the moist
measurements are reaching values near 0 vol-% at similar temperatures. That can either be
explained again by the missing activation of the catalyst or by the circumstance that water
has a positive effect on the NHs splitting. To have a better comparison and to decide if water

has an influence or not it was subtracted from the general volume stream (see Chapter 6.4).
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figure 35: Overview Dry Measurement — (a) represents the dry measurements with the Ni-based
catalyst CAT 1. (b) shows the measurements with the Ru-based catalyst CAT 2 and (c) is again
based on a Ru (CAT 3). The different SVs shown in the plot are due to the varying catalyst volume.
The colour code in general represents the following NH3 stream: blue for 360 1/h, red for 660 1/h
and yellow for 960 1/h.
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figure 36: Overview Moist Measurements — (a) represents the moist measurements with the Ni-based
catalyst CAT 1. (b) shows the measurements with the Ru-based catalyst CAT 2, and (c) is again
based on a Ru (CAT 3). The different SVs shown in the plot are due to the varying catalyst volume
and the additional H20 steam. The colour code in general represents the pure NH3 stream: blue for
360 1/h, red for 660 1/h and yellow for 960 1/h.
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6.4. Effect of H-O

To figure out if steam has an influence on the dissociation rate of ammonia it was necessary to
make sure that the moist and the dry measurements are referenced to the same conditions. For
the dry measurements pure NH3 gas was used. For the moist measurements water was added
to produce 20 vol-% of steam at standard conditions. Before the steam was added to the NHj
stream it was heated up to 300 °C. The moist measurements always had a higher volume flow
than the dry ones. The ammonia feed was at room temperature at the point both streams were
mixed. After this point every tube was heated to at least 150 °C to prevent condensation. The
points were the volume flow was measured was at the gas inlet (MFC see Figure 8) and at the
pump where the mass flow of liquid H2O was set before it went through the vaporiser. The
calculation was based on mole fraction. Further, it was assumed that the amount of water
molecules (ny,0) stayed constant over the whole process time and that there were no other
reactions than the dissociation of NH3s. With this assumption and the stochiometric knowledge
of the reaction, it was possible to determine the NHj vol-% on dry basis (Xyp3,4ry ), just based
on the measured value of NH3 vol-% on moist basis (Xyy3). (Nypgs,in) represents the initial

amount of ammonia molecules before the reaction.

Tn()l:| XNH3 . XNH3

moll ~ 1— Nuzolmol] - (1 + Xyys) (6.3)

Xnuz,ary Xnus) [ 1 X
H2
2 Nypzin | mol] + nyyolmol]
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Figure 37: Comparison vol-% Dry-Moist — The x-axis “NHj3 vol-% moist basis” represents the values

measured by the FTIR and the y-axis “NHjz vol-% dry basis” are the calculated values based on the
assumptions mentioned in the text.
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In Figure 37 the general relation between NH3 vol-% without water (calculation) and the NHj

vol-% with HoO (measurement) is shown.

Now after the dilution of the steam is cancelled out, a statement of weather the steam has an
effect on the dissociation of ammonia can be made. As it is illustrated in figure 38 all the graphs
are now lying at slightly higher NH3 concentrations than they were in figure 36. In general, it
was expected that water does not have an effect on the reaction [27|, other than a higher energy
consumption, because of the additional power the heating up process of water requires. If there
is an effect it should be slightly negative due to an increase of the space velocity and the
dilution of the NHs. That causes a reduction of the partial pressure of NH; what had a lower

driving force for the reaction and therefore also a slower reaction rate as a consequence.

Looking at the measurements with the catalyst CAT 1 (section (a) in figure 35 and figure 38)
these expectations are getting confirmed. There is a slight shift of the curves to the right, what
can be explained by the lower partial pressure and that the general energy consumption of the
moist streams is higher. The bigger heat consumption is shown by the fact that the higher SVs

of the moist measurements are interrupted a lot earlier than the dry ones.

A different situation is presented when one compares the dry and the moist measurements that
were carried out with the catalyst from CAT 2 (section (b) in figure 35 and figure 38). Here
two completely different statements are possible. The lower SVs, 800 h™' of the dry test and
960 h'! of the moist test, are giving the impression, that water has a positive effect on the
dissociation rate. The moist curve is reaching the level of 0 vol-% NHs3 at lower temperatures
than the dry one. Completely different is the behaviour of the higher SVs where the dissociation
is better at dry conditions. While the biggest moist volume stream at 750 °C still has a NH3
concentration of (3,28 £+ 0,13) vol-%, the dry one reached (700 4+ 28) ppmv at the same
temperature. What can also be seen again is that the energy consumption of the moist streams

is bigger.

Positive seemed to be the effect water had on the NHj dissociation of the measurement that
were made with the catalyst CAT 3 (section (c) in figure 35 and figure 38). Even though the
catalyst didn’t work as well as the others, it can be seen, that the presence of steam is having
a repeatedly positive effect. All moist measurements that were done are outperforming the dry

ones. Just based on the measured results it can be said that for this catalyst steam had a
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positive effect on the dissociation rate of NHs. At this point it needs to be mentioned again,
that it could also be due to a missing activation of the catalyst, what could also explain the

strange graph of the lowest dry measurement.

The general impression was, that catalysts based on Ni are not or just slightly affected in a
negative way by the presence of water while Ru-based catalyst are tending to have better

dissociation rates if water is part of the reaction.
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figure 38: Overview Moist Measurements H2O Correction — For this plot the volume stream of H20
was subtracted to present the measured NHg3 concentration in a comparable way to the dry
measurement. As it can be seen when compared to figure 36 the tendencies and the general statement
of the two plots do not change. What is changing is that especially at lower concentrations the NH 3
concentration is a lot higher than it was with the H2O included in the vol-%. What was not possible
to correct is the higher SV that was caused by the additional water.
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6.5. Catalyst Comparison

All four catalysts that were tested are compared to each other. The following figures show how

the different catalyst materials performed.
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figure 39: Catalyst Comparison Dry Measurements — In this plot the NH3 concentration
after the reformer is shown based on the different catalysts that were tested. It was
tried to take similar space velocities to enable a representative comparison of the catalyst
quality. The bonus catalyst was also selected to compare two Ni-based and two Ru-
based catalysts with each other.
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figure 40: Catalyst Comparison Moist Measurements - In this plot the corrected NH3
concentration after the reformer is shown based on the different catalysts that were
tested. It was tried to take similar space velocities to enable a representative comparison
of the catalyst quality. The bonus catalyst was also selected to compare two Ni-based
and two Ru-based catalysts with each other.
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Based on figure 35, figure 36 and figure 38 that are shown before, it is hard to tell which

catalyst worked the best in terms of dissociation rate and temperature. Therefore, the
measurements with SVs around 1300 h!, which are the most interesting ones for the future
system design (see Chapter 5.1) were chosen and directly compared to each other. This
comparison is shown in figure 39 and figure 40. CAT 1 and CAT 4 are two Ni-based catalysts,
whereas the catalysts from CAT 2 and CAT 3 are Ru-based (see Chapter 4.3).

By comparing figure 39 and figure 40 the general impression arises that water has a slightly
negative effect on the temperature, that is needed to dissociate NHjs. Just the moist
measurement with the catalyst CAT 3 shows an improvement of the reaction rate, but that
can also be connected to a missing activation of the catalyst as it is already discussed in the
previous chapters. To summarise there is a slight tendency to better results with dry conditions,

but the difference is too small to take it as a valid statement.

What can be said is, that the Ni-based catalysts CAT 1 and CAT 4 have significantly better
dissociation rates in both, moist and dry conditions, than the two Ru-based catalysts from
CAT 2 and CAT 3 have. This can be explained with the higher binding strength between Ru
and N-atoms, than the one between Ni and N-atoms. In Figure 41 this principle is illustrated.
The volcano curve on the left is normally used to predict the best catalyst material for a certain
hetero catalytic reaction. In this case it is shown for the ammonia synthesis. For our purposes,
just the x-axis with the binding energy is of interest. Here it is shown that Ru has a stronger
binding strength between the metal and the N-atom, than Ni and is therefore of better use for
the ammonia synthesis. For the dissociation of ammonia whereas, this effect has a negative

impact as it can be seen on the right side of Figure 41.
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Figure 41: Binding Strength of Ru and Ni to N — In this figure the turn over frequency (TOF) for
the ammonia synthesis at 400°C and 50 bar is shown as a function of the adsorption energy of
different metals, also called “volcano curve” (graph on the left). On the right the energy profile of
the dissociative chemisorption of N9 at a metal with a high and a low M-N-binding energy is shown.
AE* is standing for the difference of the activation energy for the N-N-splitting and A Ex(aq) is
standing for the difference of adsorption energy of nitrogen. This graph was directly taken from D.
Steinborn [11].

The energy diagram for the dissociative chemisorption of ammonia shows two paths. The higher
path is the one with lower binding energy (Ni for example) and therefore lower general energy
level. The lower path is the one with higher binding energy (Ru for example) and has a higher
general energy level. Compared to the information out of the energy diagram (Figure 3) that

is shown in Chapter

Catalytic Mechanism of the Ammonia Synthesis (0), it means a lower energy difference between
the state where all atoms are bound to the catalyst surface and the state where they are fully
released again. The state where all atoms are bound to the catalyst surface is the biggest
negative peak in Figure 3. This peak is smaller for a catalyst based on Ni than it is for a
catalyst based on Ru. That means N-atoms are not as strongly bound to the surface of a Ni
catalyst than they are bound to a Ru catalyst and therefore it is easier for them to desorb
again. Summarised, that means Ni is the better catalyst for the splitting of ammonia due to a
quicker desorption of nitrogen. This effect can also be seen by the measured values. The Ni-

based catalysts have a better dissociation rate than the Ru-based ones.
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6.6. NO, Emissions

Surprising was that every measurement no matter if dry or moist showed a significant amount
of NOa, detected by the FTIR in the reformer gas. This was especially surprising because of
the fact, that ammonia gets used in industrial facilities to reduce the NOx emissions. This

special technique of off gas treatment is described in Chapter

Selective Catalytic and None-Catalytic Reduction (3.6). Knowing that ammonia normally
reduces the amount of NO2 in combination with the similarity of the NH3 with the NO2 graph,

it was obvious that this must be due to an error.

At first a deeper understanding of the way the FTIR works is necessary to understand the
reason for this measurement inaccuracy. In Chapter Infrared Spectroscopy (3.7.) a detailed
description of the FTIRs operating mode is given. This information in combination with the
adsorption spectra that are shown in figure 42 led to the conclusion, that there exists a cross-
sensitivity between the measurement of NHs and NO2. The adsorption spectra are unique for
individual substances. The FTIR uses these reference spectra to calculate the concentration of
the corresponding species. By looking at figure 42 it can be seen, that the spectrum of NO» has
a peak around the wave number of 1500 cm™. Parallel the NH3 curve has a peak at the same
wave number and whenever NH3 gets detected, an NO2 peak gets detected as well. This cross-
sensitivity can be corrected by a subsequent adjustment of the FTIRs settings. The different
parts of the spectra that are used by the infrared spectrometer can be chosen that way that an

overlapping is avoided.

By looking at the reference spectra in figure 42 it can also be explained why the water
measurement did not show reasonable values until a NH3 concentration around 15 vol-% was
reached. A belated check of the FTIRs settings showed, that the part of the NH3 spectrum
(3000 to 3500 cm™) that was used to determine the higher concentrations, slightly overlapped
with the part of the H2O spectrum (3300 to 4000 ¢cm™) that was used as well. For this reason,
the water measurement showed an error whenever the adsorption due to ammonia was high.
By choosing the reference spectra ranges, that are used from the FTIR to determine the gas

composition, that way that no overlapping is possible cross-sensitivities could be avoided.
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figure 42: Superimposed Spectra of HoO, NH3 and NO2 — In this graph the different adsorption spectra
of H2O, NH3 and NO2 are shown.

Additionally, to NO2, NO was detected. As it can be seen at the moist measurements in Figure
12, Figure 18Figure 24 ,Figure 26,Figure 28 andFigure 30, NO was produced at higher
temperatures. This happened as well against any expectations, because NH3 usually reduces

NO emissions to N2 and H20 as it is described in Chapter

Selective Catalytic and None-Catalytic Reduction (3.6). Because of NO only appearing during
moist experiments, a direct connection between the steam in the reformer and the production
of NO exists. Any other source of oxygen, like a leak stream of air or oxides from the catalyst,
can be excluded, with the argumentation that in this case this phenomenon would not just
occur at moist measurements. In addition to that the pressure inside the reformer was always
higher than the ambient pressure what is another reason why the steam must have been the
only oxygen source. This assumption gets reassured by the measurement shown in Figure 24.
Here a small interruption of the pump’s water supply can be seen at 800 °C. During that time
the NO also stopped being produced and the NHj3 concentration increased due to the missing

dilution from the steam.
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It can also be excluded that there are any cross-sensitivities. In this case NO would be detected

at other moments as well. The temperature did not seem to be the decisive factor. The
beginning of NO production was detected at different temperatures starting from 570 °C
(Figure 18) up to 800 °C (Figure 28). All measurement had in common that the NO production
started at an ammonia concentration of about (0,8 £ 0,2) vol-%. That means from the moment
the ammonia concentration was low enough, NO was built. The reached NO concentration also
seemed to reach a constant value around 25 ppm. Only Figure 30 shows a decline of the

concentration at higher temperatures.

That NO was built out of N2 and H»20 is an interesting conclusion, since in industrial facilities
NO build out of its elementary constituents does not happen under a temperature of 1200 °C
[19]. This temperature was never reached during the experiments. It is likely that the catalyst

is supporting the production of NO.
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6.7. Catalysts Before and After Test Runs

The general composition of the catalysts was hard to get, and the manufacturer only gave a
rough description, which is presented in Table 4 of Chapter 4.3. It was observed that the
Ni-based catalysts (CAT 1 and CAT 4) turned darker after the measurements, whereas the
Ru-based catalysts (CAT 2 and CAT 3) lost their colour or became brighter.

figure 43: Catalysts Before and After — In this image a real size picture of the catalysts, CAT 1 (a),
CAT 2 (b), CAT 3 (c) and CAT 4 (d) is shown before and after the test were carried out. Catalyst
(a) needed to get crushed before it was possible to fill it into the reformer.

The catalyst CAT 1 needed to get crushed before filling it into the reformer, due to its large
particle size. An informative finding was, that just the Ni-covered surface areas of the catalyst
turned dark, while the surface areas of the fractures did not change their colour. That tells us

that the change of the colour does not come from soot or any other impurity inside the facility.
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It must be a direct result of a chemical reaction with the active sites of the catalyst. A. G.

Freidlander |28] made the finding that grey NiO catalysts turned black after they were reduced

to their activated Ni form.

As it is shown in Table 8 and Table 9 a reduction of the catalyst weight was measured. The
highest reduction was detected for CAT 1. This can be explained by the fact, that all small
particles, that were produced during the crashing, were carried away by the gas stream during

the measurements.

It could also be that a part of the weight loss can be dedicated to the reduction/activation of
the catalyst. Literature sources are describing that around 25 % weight loss occurs during the

activation of the catalyst for the Haber-Bosch process [17].

6.8. Error Estimation
To estimate what effect the error propagation has on the final results, the accuracy values of
the different measuring devices were used. The accuracies for the devices that were considered

are listed in Table 12 and where taken directly from the technical specification of the

manufacturers.
Table 12: List of Inaccuracies — The accuracy values were taken from the manufacturers of the
corresponding devices. A general list of the used equipment is shown in Table 3.

Measuring Parameters

Gilibrator:

Accuracy: +1% of reading accuracy (AKgy;)

MFC:

Accuracy: +1 % of output value (AUpypc)

FTIR:

Zero-point drift: +2 % of measuring range per zero-point calibration interval (Ipp)

Linearity deviation: +2 % of measuring range (I;;;)
Temperature drifts:  +2 % of measuring range per 10 K temperature change (Ir)
Pressure influence: ~ +1 % change of measuring value for 1 % sample pressure change (I,)

Pump:
Accuracy: +1% reading accuracy (Am,)
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The gilibrator was used to calibrate the MFC. A set of measurements at different MFC set

Gilibrator

points was carried out to create a calibration graph. This graph was linear and had an offset

(d) of zero. The gilibrator’s error was calculated based on the following relation.

Nl

_ NI NI
Mg (x) [7] = Kgii [W] x|V +d [7] (6.4)
NI Nl 6.5
AKgii = 1% - Kgiy; = 0,01 - 4,10 [W] = 0,04 [W] (6.5)

Equation 6.4 is representing the linear calibration graph that is describing how the volume flow
was linked to the voltage of the MFC set points (x). After deriving this function just, the

calibration constant (Kg;;;) of the gilibrator, had an impact on the gilibrators error (AKg;;;).

MFC

The basic equation for the mass flow (mypc) of the MFC was dependent on the voltage

measured by the MFC (Uyg¢) and the calibration constant from the gilibrator.

N l] (6.6)

_ NI
tyre (Unrc) [f] = UyrclV] - Kguii [W

After differentiating this equation with respect to Uype and Kgyy; the error for the MFC(Amype)

was determined to be linearly and proportionally increasing with the volume stream sent

through the MFC.

NI

. N1 N1 67
Niiwrc || = UnrclV] + B || + BUrclV] - Kou || (67)
_ N1 N1 N1 63
Aty pc [ﬂ = UyrclV] + 0,04 [W] + 0,01[V] - 41 [ﬁ] (6.8)
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Since the measurement of the FTIR was carried out separately from the other measurements,

FTIR

its error calculation was independent from any previous calculation. The error of the FTIR

(A)?FT,R) was accumulated out of the zero-point drift (Izpp), linear deviations (Ip),

temperature drift (Ir) and the influence of the pressure (1,,).

ARppirl %] = Lo (%] + Tin %] + I [(y—o]-AT[K] + [i]-A—p—ufy]
FTIRL70) = ZP;)% 0 Lszl%O Ty Plap/pl p - T (6.9)
0 0

The Temperature and the pressure stayed constant in the FTIR, due to a long enough heating
tube and a separate gas supply unit. Therefore, just the error of the zero-point drift and the

linear deviation were accumulated, what led to a total error of 4 % of the measured value.

Moist Measurements

As it can be seen in equation 6.3 the error of the corrected dry ammonia concentration
AXny3,ary (Xnu3, MH20, Mvks,in) 18 dependent on three variables, which are further linked to
accumulated errors of their own. The measured ammonia concentration of the moist
measurement (Xyy3z) contains the error of the FTIR (A)? FTIR ), the constant water feed (ny,0)
contains the pump’s inaccuracy (Am,) and the ammonia feed stream (nyys,) contains the
error of the MFC (Amypc). Therefore, the error of the moist measurements, that where

calculated on dry basis like it is shown in Chapter 6.4, is put together according the following

equation.
x _ XnH3 . X
NH3.dry = 1 M20° (1+Xyus) 1Y (1+x) (6.10)
2 Nyy3,in + Na20 2-z+y

It was then derived three times with respect to each variable based on the simplified structure

in which Ax, Ay and Az are representing the errors of the pre-steps.

Y Ax+ﬁ-Ay+ﬂ-Az (6.11)

AXnys,ary Xyps) = I y e
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The different derivations were calculated separately

df _ dXnuzary _ 2nwuz,in(Mazo + 2Nys,in)

- = - (6.12)
dx dXnu3 (XNH3 " ME20 — 2NNp3,in)
af _ AdXNu3,ary _ 2Xnuz(Xnvuz + 1) 2nyy3in (6.13)
dy dnyz0 (XNH3 " NH20 — 2nNHs,in)2
d aX 2X X +1
df _ dXnuzary _ vu3(Xwuz + Dnyao (6.14)

= = : 5
dz dnyus,in (Xnu3 *MH20 — 2NNH3,in)

and were then put together in combination with the already calculated errors of the pre-steps,

which are shown above, to the error of the corrected moist measurements.

dXNH3,dry = dXNH3,dry . + dXNH3,dry

. - An 6.15
dXnpu3 FTIR dngzo P dnyysin e (6.15)

AXNH3,dry (XNH3) =

Based on the value from Table 12 the pump’s inaccuracy is Am,, = 0,01. Within the calibrated
measuring range the highest possible inaccuracy for moist measurements was determined to be

0,05 or (10,00 + 0,05) vol-% NHs.
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7 Conclusion and Outlook

Due to the high activation energy of the dissociation of ammonia a catalyst is needed to support
the reaction. With the catalysts that were tested in this master thesis the average temperature,
where a 99,9 % dissociation of NH3 was reached, was 730 °C. This value is far higher than the
theoretical estimation based on the Gibbs Energy calculation. It was also seen that at higher
flow rates higher temperatures where needed. Two statements can be directly derived from this
finding. The first is, that the higher the temperature (>730 °C), the better the dissociation of
ammonia works, especially for higher flow rates. And second, the rate-limiting step for the
reaction is a microcanonical one (Chapter 3.4.1). For the splitting of ammonia into nitrogen
and hydrogen the limiting step is the desorption of the N-atom from the catalyst surface. That
also means a lower space velocity or a higher residence time inside the reactor is beneficial for

the reaction. The best results were obtained with residence times around 5 seconds.

It was also seen that Ni is a better catalyst than Ru for the dissociation of ammonia, what can
be explained by the lower binding energy between nitrogen atoms and the surface of a Ni

catalyst in comparison to a Ru catalyst (Chapter 6.5).

The effect water had on the reaction was not completely clear. Even though water should have
no influence rather than a higher energy consumption and dilution, it seemed that it slightly
reduced the activity of the Ru catalyst while it increased the catalytical activity of Ni. These
findings where too unclear to take them for granted, and therefore they should be seen as

tendencies instead of facts.

Really interesting was the appearance of NO in the off gas of the reformer, since NH3z is normally
used to reduce NOyx emissions. NO started to arise after a NHs concentration of
(0,8 £ 0,2) vol-% was reached and was independent from the reformer temperature. The
temperature range where NO started to be produced was between 550 and 800 °C and always

reached an equilibrium around 25 ppmv.
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Table 13: Characteristics of the NH3 Dissociation — In this table a summary of the findings of this

thesis is given.

characteristics of NH 3 dissociation

- high activation energy — catalyst is necessary

- the higher the temperature the better for the reaction

- lower SVs worked better for the reaction than high ones
- Ni catalyst was better than Ru catalyst

- H20 had no or just a slightly effect on the reaction (beside a higher energy consumption)
- NO was built under a NH3 concentration of (0,8+ 0,2) vol-% was reached independently from

the temperature

To improve the activity of the catalyst and therefore lower the temperature where 99,9 % of
the NHs dissociation is done, a special catalyst would need to be produced, that is currently
not commercially available. K. Kordesch [29] managed to reach an 99,9 % dissociation of
ammonia at 550 °C with a similar catalyst consisting of NiO on Al2O3 spheres coated with Ru
salts. A.G. Freidlander [28] reached 99,9 % conversion at 500 °C with his (NiO + Ru)-AlO3
catalyst and additionally showed that Ru supported the activation of NiO to Ni. T.V.
Choudhary [30] reached a 99 % NH3 decomposition at 650 °C with a 10% Ru/SiO; catalyst

and 97 % decomposition with a 65% Ni/SiO2/AlO3 catalysator.

In general, it can be said that a variety of researchers came to the same result that Ni in
combination with Ru is the most effective catalyst for the reforming of ammonia. The best
improvement of the catalysts that were used in this thesis would be an increase of the surface
area in combination with an increase of the heat transport within the catalyst. This could be

obtained by using fibrous material instead of AloO3 spheres, like it was done by M. Wang [23].

To reliably confirm the findings of this thesis it would be necessary to increase the whole set
of measurements. Due to a limited time frame it was not possible to repeate measurements
with imperfect results. Nevertheless, a general tendency of the behaviour was visible and is

stated in this master thesis.
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